Introduction
Nuclear magnetic resonance (NMR) spectroscopy is well established as a powerful analytical method to clarify the molecular structure of unknown compounds, because NMR provides detailed structural information (the chemical environment of elements) about chemical compounds. Especially in the field of organic chemistry, NMR has been used as a routine tool to determine the chemical structure of small organics. 1 In some studies, it is required to observe the progress of chemical reactions of organic compounds.
Most commonly, structure determinations using NMR are carried out with a reaction mixture directly after synthesis, or after some purification processes.
In these procedures, however, the detection of an unstable intermediate and the observation of the reaction progress are quite difficult.
The direct mixing of chemical reagents in an NMR sample tube was easily considered method to observe the progress of chemical reactions and/or unstable intermediates. In the case of using this technique, however, the delay time between reagent introduction and an NMR measurement probably causes problems to observe the short-term reaction progress and the short-life intermediates.
McGarrity et al. have reported a rapid-injection NMR methodology to observe reactive intermediates in chemical syntheses. 2, 3 The observation of reactive intermediates with half-lives of around 100 ms at a concentration level below 10 -1 mol dm -3 was possible with this methodology, and it might be effective for these kinds of applications. A demerit of this injection system was that it required instruments specially assembled on the NMR magnet. This hampered normal organic chemists to easily adopt the methodology.
Recently, microchip technologies have become widely accepted as a means for performing many applications: in chemical synthesis, [4] [5] [6] [7] in chemical 8 and biological analysis, 9 and in cell-based assays. 10 A micro-space in a microchip has many characteristics, such as a large specific interfacial area, a short diffusion length, small heat capacity, and so on. 8 When these characteristics are properly utilized, large enhancement of many chemical processes become possible. For example, the reaction conditions can be more strictly controlled in micro-channels than in conventional-scale reaction vessels. This results in higher selectivity, efficiency and reaction yields, and in less chance for runaway reactions. Some micro chemical processes are much more rapid than corresponding large-scale ones because of short diffusion lengths and large specific interfacial areas in microspaces. 11, 12 Of course, significant reductions in the amounts of sample consumption and of wastes and possibility of constructing of small systems are also very important merits of microchip technologies. In particular, applications for chemical reactions are expected to be of practical use.
For the quantitative analysis of a known product with a certain absorption band and/or fluorescence wavelength, a thermal lens microscope can be used as a highly sensitive detector suitable for microchip-based chemical processes. 13 However, they are not applicable to the qualitative determinations of unknown compounds in a reaction mixture.
Most commonly, evaluations of the efficiency and/or yield of chemical synthesis using microchips were carried out by liquid chromatography (LC) or liquid chromatography-electrospray ionization mass spectrometry (LC-ESIMS) analysis. 14 For these analyses, it is necessary to collect a sufficient volume of the reaction mixtures from the outlet of the microchip. This offchip procedure is not suitable for high-throughput analyses, and an in-situ measurement of the chemical reaction is not possible.
Recently, ESIMS is expected to be a powerful detection method for microchip technologies. Many researchers have developed interfaces between microchips and mass spectrometers, and have investigated several applications, such as chip-based electrophoresis-ESIMS 15, 16 and chip-based micro synthesis-ESIMS. 17 Although ESIMS is well-known as a highly sensitive analytical technique, the structural information that it gives is not as much as for NMR. We have also investigated ESIMS as a direct detection method for chip-based microsynthesis, and recognized that ESIMS is not very reliable when an ionization hindrance coexists. 18 It is expected that the microchip technologies could provide simple and effective means for direct NMR observations of chemical reactions.
There have been many studies on microscale NMR. [19] [20] [21] Massin et al. have developed a microcoilbased microfluidic NMR probe consisting of electroplated planar micro-coils integrated on a micro-fabricated glass substrate with etched micro channels. 19 Kakuta et al. have reported study changes in protein conformations using a micromixer-microcoil NMR probe. 20 Several researchers have reported a micro-flow NMR probe combined with micro-scale liquid chromatography and capillary electrophoresis. 21, 22 These approaches are effective for connecting microfluidic devices to NMR, and have distinct advantages for the analysis of a limited amount or volume of samples. However, these methods require expensive specially modified probes.
In the present study, we developed a microfluidic device that simultaneously works as a micro-reaction device and as an interface to a conventional NMR instrument (NMR interface microchip). We named the device "MICCS" (MIcro Channeled Cell for Synthesis monitoring) and the NMR method using it "MICCS-NMR". Standard 5 mm φ solution NMR probes without any modifications can be used in MICCS-NMR measurements. Therefore, MICCS will provide an easy means to expand the applicability of NMR to direct observations of chemical reactions.
Besides real-time monitoring of chemical synthesis, MICCS will be quite meaningful for microchip-based synthesis in general, because it can provide a very powerful and convenient means of qualitative analysis. Reactions are carried out on a very small scale in microchips, and analyses of products in microchip-based syntheses are often difficult tasks.
Experimental
Chemicals Chloroform, benzyltriphenylphosphonium bromide, benzaldehyde and 3-hexene-2-one were purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
Methanol, tetrahydrofuran (THF) and sodium methoxide were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Methanol and THF were dehydrated grade. MeMgBr of 1 mol dm -3 was prepared in a THF solution. Dimethylsulfoxide-d6 (DMSO-d6) and acetone-d6 were purchased from Sigma-Aldrich Inc. (St. Louis, MO) to use as an NMR lock.
Wittig reaction
A Wittig reaction in a micro channel was carried out according to the literature. 23 A methanol solution of benzyltriphenylphosphonium bromide (1, 0.12 mol dm -3 ) was introduced into one of three inlet ports of the plastic part of MICCS. Methanol solutions of sodium methoxide (0.15 mol dm -3 ) and benzaldehyde (2, 0.1 mol dm -3 ) were premixed and introduced into another one inlet port. The third inlet port was capped with a finger-tight screw cap. Both solutions were mixed at a Y-shaped channel in the microchip, and cis-and trans-stylbene (3) were formed, as shown in Scheme 1(a). The reaction temperature was 30 and 50˚C, controlled by the NMR probe temperature. The flow rates of the solutions were ranged 0.5 -5.0 μL/min, respectively.
Grignard reaction
THF solutions of MeMgBr (4, 0.5 mol dm -3 ) and 3-hexene-2-one (5, 0.5 mol dm -3 ) were introduced into two inlet ports of MICCS. Both solutions were mixed at the first Y-shaped channel in the microchip, and a Grignard reaction occurred, as shown in Scheme 1(b). Methanol was introduced into the third inlet port and was mixed with reaction mixture at the second Yshaped channel to form the final product (6). The reaction temperature was not controlled (room temperature; approximately 25˚C). The total flow rate of two solutions was 4.0 μL/min. The flow-rate ratio of the two solutions was changed while a measurement (ν(4)/ν(5); 4/0, 3/1, 2.5/1.5 and 1/3).
Microchip fablication
The NMR interface microchip "MICCS" was composed of a plastic part for tubing connection and a glass part for the reaction and detection. The plastic part, which was made from PEEK, was purchased from Takasago Electronic Co. Ltd. (Nagoya, Japan). The plastic part has micro channels, three inlet ports for reagent introduction and one outlet port for exhaust. The ports were to be used for tubing connections with finger-tight fittings. The glass part, which was made from laminated three Pyrex glass plates, was purchased from the Institute of Microchemical Technology Co., Ltd. (IMT, Kawasaki, Japan). Three introduction channels for reagent solutions, two Y-shaped channels for mixing, serpentine channels for reactions, and a serpentine channel for NMR detection were drilled on both sides of a glass plate. The drilled glass plate was sandwiched by two glass substrates (cover plates), and those were thermally bonded. Then the laminated glass substrates were cut into a rod shape, which would fit into a 5 mm φ NMR sample tube. The glass rod has a T-shaped head, which acted as an alignment guide for connecting the microchannels in the two parts. A thin Teflon sheet with through holes was placed between the two parts to avoid leakage at the connection. Two introduction channels in the MICCS met at the first Y-shaped junction and after a serpentine channel for the reaction, another channel was jointed, and again a serpentine channel for reaction was followed. Then it led to another serpentine channel placed at the end section of the glass rod. This section would be placed in an NMR coil. After that, the micro-channel led to the outlet port. Figure 1 shows a photograph and a schematic diagram of the newly developed NMR interface microchip "MICCS". The channel depth was 100 μm and the channel width was 300 μm. The channel length was 60 mm for reaction and 240 mm for detection. The channel volumes were approximately 4.4 μL for reaction and 7.2 μL for detection, respectively.
Instrumentation
NMR spectra were obtained on a JEOL JNM-ECA 600 (Tokyo, Japan) with a standard 5 mm φ probe. Chemical solutions were delivered into micro-channels using syringe pumps (MD1001 with the BS-MD1200, Bioanalytical Systems Inc., West Lafayette, IN). Syringes and MICCS were coupled with fused-silica capillary tubings (150 μm i.d. × 375 μm o.d.). The tubings were directly connected into connection ports using finger-tight fittings. The reaction mainly occurred in the reaction channels, and the reaction mixture was introduced into the detection channel.
A schematic diagram of this experimental instrument was shown in Fig. 2 .
The glass part of MICCS was inserted into a 5 mm φ NMR sample tube, and was mounted into the probe together with a standard sample tube holder and a rotor set. Deuterated solvents (DMSO-d6 for Wittig reaction and acetone-d6 for Grignard reaction) were introduced into a gap between the microchip and the NMR sample tube, used as an NMR lock.
NMR measurements
MICCS, which was mounted on the sample tube holder with the sample tube, and coupled with syringe pumps using a capillary, was set on the top of an NMR super conductive magnet (SCM). The leakage of the reagent solutions was checked prior to MICCS insertion into the SCM. When MICCS was inserted into the magnet, the operator had to pay attention that the capillaries were not caught on any part of the magnet. An NMR measurement was carried out without spinning of MICCS and the rotor set. 1 H-NMR spectra were recorded every 1 min. The total flow rate and/or the flow-rate ratio of two reagent solutions were changed during a measurement.
Results and Discussion

Evaluation of basic performance
The 1 H-NMR spectrum of CHCl3 was measured in order to evaluate the peak width and the sensitivity as basic performances of MICCS (Fig. 3) with a 600 MHz SCM. These values were compared to that with a standard sample tube. The peak width using MICCS was approximately 0.6 Hz. This was nearly the same as that using the standard sample tube. On the other hand, the signal intensity of the 1 H-NMR spectrum of 397 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 CHCl3 with the MICCS was lower than that obtained with the standard sample tube. Because the sensitivity of the standard NMR probe depends on the sample volume, this result was quite reasonable. Although the sensitivity of MICCS is not very good, its performance is sufficient to analyze the products and/or the intermediates in chemical reaction, because multiplet peaks were clearly observed with a good signal-to-noise ratio as shown in Figs. 5, 7, 8 and 9 ; the concentrations of the reagent solutions were quite normal in the field of chemical synthesis.
In spite of the fact that the MICCS was not spun during an NMR measurement, the result of the peak shape was extremely good. We consider the reason to be that there is little diffusion of the sample compounds in a micro-channel. CHCl3 was continuously introduced into MICCS at a 5 μL/min flow rate from a syringe pump. The peak shape could be changed to slightly broad by stopping the sample flow.
Real-time monitoring of Wittig reaction
Real-time monitoring experiments of the Wittig reaction were carried out using MICCS-NMR with the 600 MHz SCM. A dehydrated methanol solution of 1 was introduced into an inlet port of MICCS. Dehydrated methanol solutions of sodium methoxide and 2 were premixed and introduced into another inlet port. The solutions were delivered into the channel using syringe pumps, and were mixed at the Y-shaped channel and reacted in the reaction channels. When the solution of the reaction mixture was reached into the detection channel, the NMR signal of the reaction mixture was detected.
A 2-D display of 1 H-NMR spectra obtained from this experiment was shown in Fig. 4 . The reaction temperature was approximately 50˚C, controlled by the NMR probe temperature. First, only the solution of 1 was introduced at a rate of 5.0 μL/min. After recording several 1 H-NMR spectra of 1, the flow rate was decreased to 2.5 μL/min, and then the solution of 2 and sodium methoxide was added. The total flow rates of the two solutions were consecutively decreased to 5.0, 4.0, 3.0, 2.0 and 1.0 μL/min. The slice spectra of 5.0 and 1.0 μL/min flow rates were shown in Fig. 5 .
Five dominant peaks associated with 1 were observed at the beginning of the measurement (Fig. 4) . The chemical shifts of these peaks were slightly changed just after adding solution 2 and sodium methoxide. This phenomenon was caused by a phase change while changing the solution compositions. Two peaks at δ7.32 and 6.72 ppm, associated with cis-3 (black arrow) and the peak at δ7.28 ppm associated with trans-3 (white arrow), appeared after adding the solution of 2 and sodium methoxide. The intensity of these peaks increased while decreasing the total flow rate of the solutions. This indicates that the generation amounts of the cis-and trans-3 were dependent on the reaction time, because its time was increased while decreasing the total flow rate of the solutions. When the total flow rate was changed, the spectrum pattern of the reaction 398 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 mixture was changed with a short interval of typically 30 s (depending on the flow rates).
A 2-D display of 1 H-NMR spectra obtained with the probe temperature of 30˚C was shown in Fig. 6 . The slice spectra for 5.0 and 1.0 μL/min flow rates were shown in Fig. 7 . In this experiment, the solution of 2 and sodium methoxide was introduced into the channels, and then the solution of 1 was added. The intensity of the peaks at δ7.32, 7.28 and 6.72 ppm associated to 3 in Fig. 7 were smaller than those in Fig. 5 . This means that the generated amounts of the products correspond to the reaction temperature because the reaction temperature depends on the probe temperature.
These results indicate that the MICCS-NMR is useful in realtime and high-throughput optimization of the conditions of chemical reactions.
Real-time monitoring of Grignard reaction
Real-time monitoring experiments of the Grignard reaction were carried out using MICCS-NMR with a 600 MHz SCM. In this paper, we discuss only preliminary data. Dehydrated THF solutions of 4 and 5 were introduced into two inlet ports of MICCS. First, 4 μL/min flow rate of the solution of 4 was introduced into MICCS, and then the solution of 5 was added. The flow-rate ratio was consecutively changed as described above. The obtained 2-D display of 1 H-NMR spectra from this experiment was shown in Fig. 8 . These results indicate that peaks from the intermediate of this reaction were probably observed in spectra numbers 6 to 13. The slice spectra of numbers 1, 12 and 18 were shown in Fig. 9 . Figure 9(a) shows Figure 9 (b) probably shows the 1 H-spectrum of the expected intermediate 7, which the structure was shown in Scheme 1(b), because this spectrum is quite different from those of 5 and the final product (6) formed by methanol (not shown). The spectrum was not inconsistent with the expected structure. The peak assignment on the spectrum (Fig. 9(b) ) for the structure of 7 as not yet has been decided. We will discuss the details of the spectrum and the structure of intermediate 7 in a following paper.
Conclusions
An NMR interface microchip "MICCS" was developed. Chemical reactions could be carried out in microchannels of MICCS, which could be located in an NMR magnet for the direct irradiation of radio waves. Real-time monitoring of chemical reactions and direct detection of intermediates became possible with the MICCS-NMR. Since MICCS could be used with a standard NMR probe (typically 5 mm φ), the direct analysis of micro synthesis using an NMR instrument could be carried out with MICCS much more easily and more economically than the other method in the literatures. 2, 3, 19 Realtime monitoring of the products in the Wittig reaction and direct detection of the intermediate in the Grignard reaction were carried out using MICCS-NMR to verify its performance. We can conclude that MICCS will probably become a powerful tool for optimization of the reaction conditions, the acquisition of structural information on unstable intermediates, and the determination of reaction pathways and the kinetics of reactions. 
